Cis-diamminedichloridoplatinum(ii) (cDDP), commonly referred to as cisplatin, is a chemotherapeutic drug used for the treatment of a wide range of solid cancers. cDDP is a relatively poor inducer of immunogenic cell death (icD), a cell death modality that converts dying cells into a tumor vaccine, stimulating an immune response against residual cancer cells that permits long-lasting immunity and a corresponding reduction in tumor growth. The incapacity of cDDP to trigger icD is at least partially due to its failure to stimulate the premortem endoplasmic reticulum (er)-stress response required for the externalization of the "eat-me" signal calreticulin (crT) on the surface of dying cancer cells. here, we developed a murine cancer cell line genetically modified to express the er resident protein reticulon-1c (rtn-1c) by virtue of tetracycline induction and showed that enforced rtn-1c expression combined with cDDP treatment promoted crT externalization to the surface of cancer cells. in contrast to single agent treatments, the tetracycline-mediated rtn-1c induction combined with cDDP chemotherapy stimulated icD as measured by the capacity of dying tumor cells, inoculated into syngenic immunocompetent mice, to mount an immune response to tumor re-challenge 1 week later. More importantly, established tumors, forced to constitutively express rtn-1c in vivo by continuous treatment with tetracycline, became responsive to cDDP and exhibited a corresponding reduction in the rate of tumor growth. The combined therapeutic effects of rtn-1c induction with cDDP treatment was only detected in the context of an intact immune system and not in nu/nu mice lacking thymus-dependent T lymphocytes. altogether, these results indicate that the artificial or "synthetic" induction of immunogenic cell death by genetic manipulation of the er-stress response can improve the efficacy of chemotherapy with cDDP by stimulating anticancer immunity.
Introduction
Anticancer chemotherapies do not only act on tumor cells to induce growth arrest (cytostasis) and death (cytotoxicity) to mediate their therapeutic effects. A significant portion of their efficacy involves the elicitation of anticancer immune responses that appear particularly important for extending the lifespan of patients and for mediating long-term effects on tumor growth. Thus, successful chemotherapeutics initiate, or reinstate efficient immunosurveillance mechanisms, thereby allowing the host's immune system to eliminate cancer cells or at least attenuate their proliferation. [1] [2] [3] There are multiple pathways through which antineoplastic agents can stimulate anticancer immune responses. 4, 5 On one hand, chemotherapeutics can act on immune cells by stimulating effector mechanisms, for instance by activating dendritic cells (DCs) and cytotoxic T lymphocytes (CTLs). Alternatively, such immunomodulatory moieties could act by repressing or depleting inhibitory elements, such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (T regs ). On the other hand, cytotoxic anticancer agents may kill tumor cells in a way that their death is preceded and accompanied by "danger" signals that induce the local recruitment and subsequent activation of innate and acquired immune effectors, hence favoring a cellular immune response against tumor-associated antigens. 6, 7 Distinct from physiological apoptosis that fails to elicit inflammatory and immune reactions, "immunogenic cell death" (ICD) is presaged by multiple stress response-associated cellular and molecular changes. As an example, ICD is preceded by autophagy, which then allows the tumor cells to liberate significant amounts of ATP as they succumb to caspase-dependent apoptosis. [8] [9] [10] [11] [12] Cancer cell-derived extracellular ATP subsequently acts as a potent chemoattractant for myeloid cells, including the precursors of inflammatory DCs that then act as antigen-presenting cells (APCs) within the tumor bed. 13, 14 Moreover, ICD follows endoplasmic reticulum (ER)-stress responses. One particular arm of the ER-stress response, that involves the phosphorylation of eukaryotic initiation factor 2α (eIF2α), stimulates a complex molecular cascade that culminates in the translocation of the most abundant ER-resident soluble protein, calreticulin (CRT), to the cell surface. [15] [16] [17] [18] [19] Once it has been exposed at the cell surface, CRT acts as an "eat-me" signal for phagocytes, 20, 21 and hence favors the transfer of tumor antigens into antigen-presenting DCs. 13, 17 Extensive screening programs for the identification of ICD inducers have been launched. However, to date only a limited number of anticancer agents have been found to possess ICD provoking potential. Thus, anthracyclines, 17, 22 oxaliplatin, 19, 23 histone deacetylase inhibitors (such as vorinostat), 24, 25 taxanes, 26, 27 zinc, 28 irradiation, 17, [29] [30] [31] and photodynamic therapy 15, 32 were found to potently induce ICD. In contrast, many other anticancer agents are comparably inefficient ICD inducers, including cisdiamminedichloridoplatinum(II) (CDDP also known in the clinic as "cisplatin") which is widely used for the treatment of testicular, germinal, bronchial, gastrointestinal, and triple-negative breast cancers. 17, 22 CDDP is an agent that, in spite of its cytotoxic and proapoptotic effects, induces rather low ER-stress responses and hence, fails to stimulate CRT exposure. 23, [33] [34] [35] [36] Pharmacological induction of ER stress combined with CDDP could restore CRT externalization on cancer cells and render CDDP an efficient ICD inducer. 17, 35 Based on these premises, we explored the possibility of specifically restoring the failing ER-stress response in vivo, in the context of CDDP-mediated chemotherapy. To this end, we established a synthetic system for inducing ER stress, namely by the tetracycline (TET)-inducible expression of an ER-restricted protein, reticulon-1, splice variant 1c (Rtn-1c), 37, 38 in murine cancer cells. In a panel of human cancer cell lines, we have previously shown that CDDP alone fails to induce CRT exposure, correlating with its inability to induce ER stress. 23, [33] [34] [35] [36] However, when combined with a tetracycline-inducible system of Rtn-1c expression in mice, CDDP was capable of inducing CRT externalization, 37, 38 signifying that induction of the missing ER-stress response compensated for the deficient induction of this hallmark of immunogenicity. Herein, we show that the synthetic induction of ER stress in tumor-bearing immunocompetent mice that express Rtn-1C upon treatment with TET can improve the efficacy of CDDPbased chemotherapy in vivo.
Results and Discussion
An inducible system that promotes CRT surface exposure on fibroblasts in response to Rtn-1 expression and CDDP treatment in vitro MCA205, a C57BL/6 mouse-derived fibrosarcoma cell line that has been extensively used for the characterization of ICD, 17, 22, 29, 39 was engineered to express a tetracycline-inducible (Tet-On) reticulon-1c (Rtn-1c) transgene (Fig. 1A) . The resulting iRTN-1c MCA205 cells were able to express significant amounts of immunoblot-detectable Rtn-1c protein after 24 h of treatment with TET (Fig. 1B) . TET-induced expression of Rtn-1c for 48 h alone failed to elicit any of the hallmarks of ICD, such as ATP release, (Fig. 1C) , CRT surface exposure (Fig. 1D) , release of high-mobility group box-1 (HMGB1) (Fig. 1E) , or apoptosis and associated secondary necrosis (Fig. 1F) . Moreover, the TET-mediated induction of Rtn-1c in iRTN-1c MCA205 cells co-stimulated by simultaneous addition of CDDP did not alter cell death (Fig. 1F) , or the release of ATP (Fig. 1C) or HMGB1 (Fig. 1E) . In contrast, the combination of TET and CDDP induced higher CRT exposure than either of the 2 compounds alone. In fact, the addition of TET plus CDDP-induced translocation of CRT to the plasma membrane surface with equal efficiency as that observed after exposure of cells to the positive control, the quintessential ICD inducer mitoxantrone (MTX; Fig. 1D ). We refer to this genetic manipulation facilitating CRT exposure as a "synthetic" procedure.
Synthetic induction of ER stress by Rtn-1c facilitates the induction of ICD, as measured in vaccination assays
The aforementioned results recapitulate prior experimental evidence obtained in human cell lines showing that RTN-1c can stimulate CRT exposure in cells responding to CDDP. 38 However, our synthetic mouse model has a technical advantage over prior experiments in human cells in that iRTN-1c MCA205 cells can be used in immunological experiments performed in histocompatible, immunocompetent C57BL/6 mice in vivo. 17, 22, 29, 39 In a first round of experiments, we determined the capacity of TET-inducible Rtn-1c to elicit the immunogenicity of cancer cell death mediated by CDDP, an agent that alone is unable to induce ICD due to its intrinsic incapacity to stimulate a relevant ER-stress response. 23, 35 For this, iRTN-1c MCA205 cells were pre-incubated with TET to upregulate Rtn-1c (vs. untreated controls) and then subjected to subsequent CDDP treatment in vitro. The CDDP-killed cells were then washed and injected subcutaneously into the left flank of C57Bl/6 mice. One week later, the animals were rechallenged with live, untreated MCA205 cells, and the incidence of tumor development was monitored. While CDDP-only treated cells were relatively poor anticancer vaccines, TET (i.e., Rtn-1c overexpressing) plus CDDP-treated iRTN-1c MCA205 cells effectively protected most of the mice against rechallenge with live tumor cells. This protective effect was as high as that observed for the MTX-treated iRTN-1c MCA205 positive control cells ( Fig. 2A) . In a subsequent round of experiments, we confirmed that pre-treatment with TET also greatly improved the immunogenicity of cells treated with mitomycin C. In line with previous reports, mitomycin C alone was a poor inducer of ICD, 17, 22 whereas cells that had been treated with TET prior to mitomycin C exposure induced a potent anticancer immune response (Fig. 2B) . Altogether, these results indicate that TET-induced Rtn-1c expression can cause cells to undergo ICD, even in response to agents like CDDP and mitomycin C that are innately poor ICD initiators when used alone.
Synthetic induction of ER stress induced by Rtn-1c improves cisplatin/ chemotherapy in vivo
CDDP-based chemotherapy of MCA205 cells is inefficient unless CDDP is combined with agents capable of inducing ER stress. 40 Accordingly, we observed that the rate of tumor growth of either parental MCA205 cells or iRTN-1c MCA205 cultured in the absence of TET (i.e., without exogenous Rtn-1c) was not inhibited by systemic administration of CDDP (Fig. 3A  and C) . Similar results were achieved with TET-treated parental MCA205 cells, such that both PBS-and CDDP-exposed cells gave rise to tumors with similar growth rates (Fig. 3B) . However, when the mice bearing iRTN-1c MCA205 tumor received continuous treatment with TET in the drinking water, and when TET was injected concomitantly with the treatment, such tumors did respond to CDDP chemotherapy by reducing their growth rate (Fig. 3D) . This TET effect was "on-target" (i.e., dictated by the expression of the Rtn-1c transgene) because parental MCA205 cells did not respond to a similar combination regimen of TET + CDDP (Fig. 3B) . Moreover, the combination of TET and CDDP failed to reduce the growth of iRTN-1c MCA205 cancers in immunodeficient nu/nu mice lacking thymus-dependent T lymphocytes evincing the requirement for an intact immune system in the implementation of the Rtn-1c-mediated protective effect (Fig. 4) . Taken together, these results support the notion that synthetic induction of ER-stress response via Rtn-1c can stimulate anticancer immunity that significantly increases the efficacy of cisplatin/CDDP-based chemotherapy.
Materials and Methods
Chemical, cell lines, and culture conditions Unless otherwise indicated, media, antibiotics, and supplements for cell culture were purchased from Gibco-Invitrogen, chemicals were obtained from Sigma-Aldrich, and plastic ware from Corning B.V. Life Sciences. Blasticidin and zeocin were obtained from Invivogen.
Murine fibrosarcoma MCA205 cells (Class I MHC haplotype H-2 b , syngenic for C57BL/6 mice) cells were cultured in RPMI 1640 medium. iRTN-1c MCA cells were generated by transducing MCA205 cells with plasmids from the T-Rex system (Invitrogen). Briefly, Rtn-1, splice variant c (Rtn-1c) cDNA was inserted into the pcDNA4/TO vector, then co-transfected into MCA205 cells with the pcDNA6/TR plasmid expressing the TET repressor. MCA cells were further selected by blasticidin and zeocin for 1 week, and then cloned. All media were supplemented with 10% heat-inactivated fetal bovine serum (FBS), 10 mM HEPES, 10 U/mL penicillin sodium and 10 μg/mL streptomycin sulfate.
Immunoblotting For immunoblotting, approximately 1 × 10 6 iRTN-1c MCA cells that had been incubated (or not, as control) with 0.3 µM tetracycline for 12-24 h, were washed with cold PBS, and lysed following standard procedures. Forty µg of proteins were separated according to molecular weight on NuPAGE ® Novex ® BisTris 4-12% pre-cast gels (Invitrogen) and then electrotransferred to nitrocellulose membranes (Bio-Rad). Unspecific binding sites were blocked by incubating the membranes for 1 h in 0.05% Tween 20 (v/v in TBS) and supplemented with 5% bovine serum albumin, followed by overnight incubation at 4 °C with primary antibodies specific for β-actin (MAB1501) or reticulon-1c (sc-71982, Santa Cruz Biotechnology). Primary antibodies were detected with the appropriate horseradish peroxidase-labeled secondary antibodies (Southern Biotechnologies Associates) and were revealed with the ECL Plus Western Blotting Detection System (GE Healthcare). The abundance of β-actin was monitored to ensure equal lane loading.
Cell death assays iRTN-1c MCA205 cells were treated (or not, as control) with 1 µM MTX, 150 µM CDDP, 0.3 µM TET, or CDDP+TET, for 18 h followed by the cytofluorometric assessment of propidium iodide uptake (PI) and phosphatidylserine (PS) externalization. Briefly, cells were washed twice with PBS and resuspended in 1X binding buffer supplemented with FITC-conjugated AnnexinV (BD Biosciences) and 0.5 μg/mL PI, following the manufacturer's instructions. Cytofluorometric determinations were performed using a FACSCalibur cytofluorometer (Becton Dickinson) equipped with a 70 µm nozzle. First line statistical analysis of cytofluorometric results was performed using CellQuest™ software (BD Biosciences) by gating on the events characterized by normal forward scatter and side scatter parameters. 
Statistical analyses
Data were compared by the χ2, or Student's t tests, as appropriate. All P values were 2 tailed. P values < 0.05 were considered as statistically significant for all experiments. GraphPadPrism version 5 and Microsoft Excel 2007 software were used in data analyses.
Concluding Remarks
The efficacy of anticancer chemotherapeutics greatly depends on their capacity to stimulate anticancer immune responses. 2, 14, 28, [41] [42] [43] One particular pathway allowing for the elicitation of immunotherapeutic activity against neoplastic lesions is via the induction of immunogenic cell death. 7 In this scenario, a selected panel of chemotherapeutic agents (such as anthracylines, including MTX) induces particular cellular stress and death pathways stimulating dying cancer cells to emit signals that activate pattern recognition receptors in innate immune effectors, thereby converting the tumor into a therapeutic vaccine. It appears that one particularly important limiting factor for the induction of ICD centers upon the induction of an ER-stress response culminating in the translocation of the ER chaperone CRT to the cell surface. Chemotherapeutic agents such as CDDP that fail to induce an ER-stress response 17, 23 are unable to induce ICD unless they are combined with pharmacological ER-stress inducers. These include inhibitors of the protein phosphatase 1 (PP1)/GADD34 complex, e.g., tautomycin, calyculin A, salubrinal, or peptide antagonists, 16, 17 inhibitors of the sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA), e.g., thapsigargin, 35 or inhibitors of the Na + /K + -ATPase, e.g., cardiac glycosides. 40 Here, we show that a precise genetic manipulation to induce ER stress, namely the TET-inducible expression of Rtn-1c, was capable of improving the chemotherapeutic efficacy of CDDP treatment in mice by enhancing anticancer immune responses mediated by thymus-dependent T lymphocytes. In contrast to the addition of chemical ER-stress inducers (such as inhibitors of the protein phosphatase 1/GADD34 complex, SERCA, or Na + /K + -ATPase), all of which may have a significant level of off-target effects, the expression of Rtn-1c can be expected to yield a relatively specific, on-target ER-stress response, 38 likely through an increase in the Ca 2+ influx into the ER. 37 Hence, the outcome of our studies using the TET-inducible system to drive Rtn-1c mediated CRT surface exposure supports the conclusion that artificial enforcement of ER stress has a major therapeutic impact on the dialog between dying tumor cells and the immune system.
At present, the precise molecular mechanisms by which Rtn-1c overexpression combined with CDDP induces CRT exposure (relative to either agent alone that fails to do so) remains a conundrum. CDDP induces a major degree of redox stress, 33 which may be an important contributing factor in the induction of CRT surface exposure. 19 Furthermore, it is possible that the resultant changes in reactive oxygen species and altered luminal ER ion homeostasis 37 facilitate the synergistic interaction between CCDP and Rtn-1c. Elucidating a more detailed molecular comprehension of these mechanisms may open avenues for the design of pharmacological ICD inducers.
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